Background {#Sec1}
==========

Avian infectious bronchitis virus (IBV) is a member of the coronaviridiae family that targets both the meat-type and commercial egg-laying chickens. IBV mainly replicates in the epithelial cells of the respiratory tract, causing lower respiratory tract infections in chickens \[[@CR1], [@CR2]\]. The threat of IBV infection is global, as this respiratory virus can cause acute and contagious respiratory infections in poultry, resulting in serious economic losses \[[@CR3], [@CR4]\]. The strategy of reducing IBV infection through vaccination has been recognised as a viable option to control IBV and has been somewhat successful \[[@CR5], [@CR6]\]. The continuing prevalence of IBV might be attributable to divergent IBV subtypes. Despite efficient protection against genetically similar strains, vaccines may not be effective against all subtypes \[[@CR7], [@CR8]\]. Isolated IBV has been associated with proventriculus and kidney lesions \[[@CR9]\]. IBV infections are difficult to control mainly due to poor cross-protection between different types of IBV \[[@CR10], [@CR11]\]. Thus, effective control of IBV infection is still a major challenge for poultry health management.

IBV has a large genome and is an obligate intracellular pathogen that exploits the host's cellular machinery to replicate \[[@CR12], [@CR13]\]. Elucidating the potential cellular interactions between the host immune system and the pathogen will not only provide insights into disease pathogenesis but will also support strategies for preventing IBV infection \[[@CR10], [@CR14], [@CR15]\]. Previous studies of IBV have focussed primarily on Vero cells and avian DF-1 cells \[[@CR16], [@CR17]\] and have rarely involved the function of avian DCs during IBV infection. Avian DCs have the unique ability to induce both innate and acquired immune responses and are mainly identified in the primary and secondary lymphoid organs \[[@CR18], [@CR19]\]. Our previous study illustrated that the TF-microRNA-mRNA regulation loop might mediate the activation of avian DCs stimulated by infectious bursal disease virus (IBDV) \[[@CR20]\].

Non-coding RNAs are post-transcriptional regulators that fine-tune the immune response \[[@CR21], [@CR22]\]. Among non-coding RNAs, miRNAs are key regulators of immune responses \[[@CR23], [@CR24]\]. Unsurprisingly, major changes in miRNA expression have been shown to be the underlying mechanism triggering the host immune response \[[@CR24]\]. For example, miR29c was found to enhance the immune function of DCs, whereas miR375 was suggested to attenuate the antigen-presenting ability of mouse DCs \[[@CR25], [@CR26]\]. In addition to evoking an immune response, miRNAs may also shape host--virus interactions and defend against viral infection \[[@CR27], [@CR28]\]. For example, miR674 can target host Mbnl3 to modulate antiviral responses inhibiting H9N2 avian influenza virus replication \[[@CR29]\]. Meanwhile, lncRNAs play essential roles in regulating the defence process against viral infection \[[@CR21]\]. To explore the potential roles of miRNAs and lncRNAs in IBV infection, we first evaluated the ability of IBV to induce chicken and mouse DC maturation and lymphocyte cell activation. Then, microarrays and bioinformatic analysis were performed to reveal the mechanism underlying the IBV response in avian DCs. Our results provide a better mechanism of the interaction between IBV and avian dendritic cells.

Methods {#Sec2}
=======

Animal and virus {#Sec3}
----------------

Our mice, including all the 6 to 8 wk. SPF BALB/c or C57BL/6, were purchased from Yang Zhou University (Center Comparative Medical). Whilst 3 to 4 wk. SPF ROSS 308 avian were bought from the Jiangsu Academy of Agricultural Sciences (JAAS) (Nanjing, China). All animals were maintained at an animal facility under pathogen free conditions. IBV strain Massachusetts-41 \[[@CR30]\] containing 1 × 10^6.6^ EID~50~ (egg infectious dose) of IBV was kindly provided by Nanjing Tian bang Bio-Industry Co. Ltd. (Nanjing, China). The infectious bronchitis virus was inactive by UV light (260 nm, with in 15 cm) for 4 h and tested for complete loss of the infectivity before using.

Phenotypic alteration and T-cell proliferation of DCs stimulated by IBV {#Sec4}
-----------------------------------------------------------------------

### Surface marker analysis of avian bone marrow-derived dendritic cells (BMDCs) {#Sec5}

Avian bone marrow-derived dendritic cells were obtained from 3 to 4 week-old chicks. All animal experiments were carried out in accordance with the regulations and guidelines of laboratory animals of Nanjing Agriculture University (Nanjing, China). Initially, avians were euthanized by putting the cultured cage of avian into the carbon dioxide sealed tank. Then, femurs and tibias were removed and isolated from the surrounding muscle tissue using sterile instruments (we did not using any anesthesia during the removal of avian femurs and tibias from animals for the avian for the animal has been euthanized). The detail method for isolating avian BMDCs were the same as our previous published manusccript \[[@CR31]\]. Immature avian BMDCs were plated in fresh medium (1 × 10^6^ cells/ml) and treated with LPS (1 μg/ml, positive control), IBV (EID~50~ = 10^--6.5^/0.1 ml) and inactivated IBV for 24 h at 37 °C and 5% CO~2~. For IBV, cells were incubated at a multiplicity of infection of 1 (MOI = 1) for 24 h. Then, both group were collected, washed and incubated at 4 °C for 30 min with PE-conjugated anti-human CD11c, anti-chicken CD40 (clone: AV79) or CD86 (clone: IAH:F853:AG2) antibody. Cells stained by CD40 and CD86 were then stained by PE-conjugated goat anti-mouse IgG secondary antibody (MultiScience, China) diluted 1: 5000 for another 15 min at room temperature. Cells were washed and analyzed with Fluorescence Activated Cell Sorter (FACS).

### Surface marker analysis of mice BMDCs {#Sec6}

Immature mice BMDCs were plated in fresh medium (1 × 10^6^ cells/ml) and treated with LPS, IBV or inactivated IBV for 24 h at 37 °C and 5% CO~2~. Cells were collected, washed and incubated at 4 °C for 30 min with following antibody (monoclonal antibodies (anti-mouse CD11c (N418), anti-mouse CD40(1C10), anti-mouse CD86(GL1), anti-mouse MHCII (M5/114.15.2) and anti-mouse CD80 antibody (16-10A1), respectively (eBioscience, USA)), and analyzed by FACS.

### T-cell proliferation assays {#Sec7}

To further evaluate the antigen presenting function of avian or mouse DCs, mixed lymphocyte reaction (MLR) experiments were performed as previous research. The detail method for isolating avian BMDCs were the same as our previous published manusccript \[[@CR32]\]. The stimulator cells were DCs previously treated with IBV, inactivated IBV or LPS for 24 h. All experiments were performed at least in triplicates. After 3 days of culture in 5% CO~2~ at 37 °C, cell proliferation was determined by Cell Counting Kit-8 (CCK-8) assay (Beyotime, China). Each well received 20 μL CCK-8 solution and was incubated for 2 h at 37 °C before absorbance measurement at 450 nm. The Stimulation Index was calculated as references.

Microarrays analyses of mRNAs, microRNAs and lncRNAs {#Sec8}
----------------------------------------------------

Cultured avian BMDCs were randomly divided into either control or IBV-stimulated groups. For IBV stimulated group, cells were incubated at a multiplicity of infection of 1 (MOI = 1) for 12 h. Each group consisted of three wells of BMDCs from three chickens. Total RNA and microRNA were separately isolated using the RNeasy Total RNA Isolation Kit (QIAGEN, Germany). The avian microarray (containing mRNA and lncRNA, RiboArray™ Custom Array (A10000--1-90)) was hybridised. Approximately 3900 lncRNAs and 15,081 mRNAs are detected using the mRNA microarray. In each microarray, we have three replication per slide. Also, we have used the microRNA array (A10000--1-40) to detect the experssion of microRNA. Approximately 991 microRNAs are detected using the microRNA microarray Raw data were normalized using the RMA method \[[@CR20], [@CR33]\].

### Identification and bioinformatics analyses of differentially expressed mRNAs {#Sec9}

Differentially expressed (DE) mRNAs between control avian DCs group and IBV stimulated group were determined with a cut off of at least 2-fold change and a *P* value less than 0.01. Such genes were subject to GO categorization, KEGG (Kyoto Encyclopedia of Genes and Genomes) and BioCartapathway analyses. Analyses were performed with DAVID (the Database for Annotation, Visualization and Integrated Discovery) by using an independent list of differentially-expressed genes.

### Identification of differentially expressed microRNAs and its target prediction and bioinformatics analyses {#Sec10}

DE microRNAs were chosen with a cut off of at least 2-fold change and a *p* value less than 0.05. Potential targets of these microRNAs were predicted using the microRNA target prediction and functional study database (miRDB) and TargetScan. Taking the intersection of these two predictions, we obtain the optimal potential target genes. To further understand the potential functions of microRNA - target genes, GO categorization and pathway analysis were assigned using the DAVID gene annotation tool.

### Identification of differentially expressed lncRNAs and its association analyses with differentially expressed mRNAs {#Sec11}

DE lncRNAs between IBV stimulated group and control group were first chosen with a cut off of at least 2-fold change and a *P* value less than 0.01. Since transcriptional regulation by lncRNAs could work either in cis or trans model, we then predicted the cis and trans target gene of difference expressed lncRNAs as previous published manuscript \[[@CR34]\]. To further classifly lncRNA trans-target genes, the RNAplex program (RNAplex \< − 100) was then used to identify possible trans-target genes of the lncRNAs. Thirdly, the Pearson correlation coefficient absolute value over 0.9 together with P value less than 0.01 were used to predict the lncRNA's co-expression target genes. Finally, the lncRNAs and co-expression genes relationship networks were drawn using Cytoscape software \[[@CR35]\].

QRT-PCR confirmation of mRNAs, microRNAs and lncRNAs microarrays result {#Sec12}
-----------------------------------------------------------------------

Based on our microarrays results, we selected representative mRNAs, microRNAs and lncRNAs for validating. For real-time PCR, 7500 Real-Time PCR System (ABI) and SYBR Green Master (Takara) were used. Each sample and negative controls had at least three technical replicates. GAPDH, β-actin and 5S rRNA were amplified under the same conditions as internal controls. The relatives fold change was calculated based on the -ΔΔct method \[[@CR36]\].

Construction of TF (transcription factor)-microRNA-mRNA regulatory loops {#Sec13}
------------------------------------------------------------------------

TF-microRNA-mRNA loops, representing putative regulatory mechanisms, were constructed based on the microRNA target prediction and functional study database (miRDB) and ChIPBase. We first used ChIPBase to construct TF-microRNA regulatory networks \[[@CR37]\]. Considering differentially expressed microRNAs in IBV stimulated DCs, we defined the microRNAs promoter region from the 5 kb upstream to 1 kb downstream region. Then, we extracted TF and microRNA target genes information from ChIPBase. Moreover, we constructed TF-microRNA-mRNAs regulation loops and visualized with cytoscape.

Statistical analyses {#Sec14}
--------------------

All our data are expressed as the mean ± standard error. Statistical analyses were performed using GraphPad Prism 5 software. Pairwise comparisons were performed using an unpaired two-tailed Student t test. Multiple groups were compared by one-way ANOVA followed with Tukey's multiple comparison tests. *P* values less than 0.05 were considered to be statistically significant. FlowJo software was selected for the analyzing of our FACS data.

Results {#Sec15}
=======

Activation of avian or mouse bone marrow-derived dendritic cells (BMDCs) through IBV stimulation {#Sec16}
------------------------------------------------------------------------------------------------

We investigated how IBV stimulation influences the phenotypic alteration and T lymphocyte activation of avian or mouse BMDCs. Initially, we examined phenotypic changes \[[@CR38]\] in avian and mouse DCs stimulated with IBV or inactivated IBV. The fluorescence-activated cell sorting (FACS) results suggested that immature avian BMDCs expressed high levels of cell surface MHC-II (66.5%) and putative CD11c molecules (77.2%), as did immature mouse BMDCs (Fig. [1](#Fig1){ref-type="fig"}a). After IBV stimulation, the surface markers CD40 and CD86 were slightly enhanced in avian BMDCs (Fig. [1](#Fig1){ref-type="fig"}b) but did not show a notable increase in mouse BMDCs (Fig. [1](#Fig1){ref-type="fig"}e). In contrast, the percentages of CD40 and CD86 in inactivated IBV-stimulated avian BMDCs were significantly higher than those in the IBV-stimulated group (Fig. [1](#Fig1){ref-type="fig"}b). Interestingly, the CD40 percentage showed no increase in mouse BMDCs stimulated with IBV (Fig. [1](#Fig1){ref-type="fig"}e).Fig. 1Phenotypic alterations and mixed-lymphocyte reactions (MLR) of avian and mouse BMDCs in response to avian infectious bronchitis virus. **a** Flow cytometric analysis of the phenotypic alterations of immature avian BMDCs at day 7 showed high levels of CD11c and MHC Class II (Black lines display staining with the indicated antibodies, and grey lines the isotype controls).**b** CD40 and CD86 expression of avian BMDCs stimulated by IBV and inactivated IBV (Non-stimulated: immature avian DCs treatment with PBS; LPS: Positive control, immature avian DCs treated with 1 μg/ml LPS; IBV: immature avian DCs stimulated with IBV (MOI = 1); inactivated IBV: immature avian DCs stimulated with inactivated IBV). Shown were representative results of three independent experiments. **c** IBV or inactivated IBV-stimulated avian BMDCs induced the proliferation of lymphocyte cells in MLR. The stimulator cells were BMDCs stimulated with PBS, LPS, IBV or inactivated IBV at 37 °C for 24 h. All experiments were performed at least in triplicate. Significant differences between the treated and Non-stimulated groups are expressed as \**P* \< 0.05 or \*\**P* \< 0.01, respectively. The significance of the data was determined by one-way ANOVA with Tukey's multiple comparison test. **d** Flow cytometric analysis of the phenotypic alterations of immature mouse BMDCs showed high levels of CD11c and MHC Class II. **e** Second and third lines: CD40 and CD86 expression of mouse BMDCs stimulated by IBV and inactivated IBV. **f** IBV or inactivated IBV-stimulated mouse BMDCs induced the proliferation of lymphocyte cells in MLR

Next, we assessed the ability of avian or mouse BMDCs to stimulate T lymphocytes. As shown in Fig. [1](#Fig1){ref-type="fig"}c, inactivated IBV-stimulated avian BMDCs exhibited a significant stimulatory capacity in a mixed lymphocyte reaction (MLR) (*P* \< 0.01 or *P* \< 0.05) compared to naive or IBV-stimulated avian BMDCs. The maximum response was obtained at a ratio of 1:1 between lymphocytes and BMDCs. However, the IBV-stimulated avian BMDCs did not exhibit enhanced ability to activate T lymphocytes compared with inactivated IBV-stimulated avian BMDCs. Interestingly, the performance in activating T lymphocytes was out of the standard range for both IBV-stimulated and inactivated IBV-stimulated mouse BMDCs.

Identification and bioinformatic analysis of differentially expressed mRNAs {#Sec17}
---------------------------------------------------------------------------

To clarify the potential roles of host factors involved in IBV infection, mRNA expression of avian BMDCs was examined after stimulation with IBV for 12 h. Based on the criteria of at least a two-fold change and a *P* value less than 0.01, we identified 293 up-regulated and 251 down-regulated genes in IBV-stimulated avian BMDCs (Fig. [2](#Fig2){ref-type="fig"}a, b and Additional file [1](#MOESM1){ref-type="media"}). Moreover, Gene Ontology (GO) categorisation and pathway analyses of differentially expressed (DE) genes were performed. Cellular macromolecules, the tricarboxylic acid cycle, protein location, and oxidative phosphorylation contributed to the GO biological processes (GO-BP) associated with IBV stimulation (Fig. [2](#Fig2){ref-type="fig"}c and Additional file [2](#MOESM2){ref-type="media"}). Meanwhile, GO molecular function (GO-MF) and GO cellular component (GO-CC) analyses identified cytosol and transcription factor binding, respectively. We performed pathway analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) and BioCarta databases. KEGG analysis showed that genes are significantly differentially regulated in the presence of IBV compared with those in control cells; this is particularly pronounced for oxidative phosphorylation and the T cell receptor and B cell receptor signalling pathways. Based on the BioCarta database, IBV-influenced genes were involved in T cell receptor signalling, FAS signalling, and TNFR2 signalling and played the role of Erk5 in neuronal survival (Fig. [2](#Fig2){ref-type="fig"}c and Additional file [2](#MOESM2){ref-type="media"}).Fig. 2mRNAs microarray analyses of IBV-stimulated avian BMDCs. **a** Volcano plot map of mRNA expression in control and IBV-stimulated avian BMDCs at 12 h post-infection. A comparison of expression data was performed using an XY-scatter plot analysis of the log base two-fold change. Data points shown in red represent significant differentially expressed genes; *P* \< 0.01. **b** Heat map of differentially expressed mRNAs in IBV-stimulated avian BMDCs. All of the biological replicates were pooled and calculated to identify differentially expressed mRNAs based on a threshold fold change \> 2 and *P* \< 0.01. The blue and the yellow group represent two groups. The blue one represent control group, with G1 × 1, G1 × 2, G1 × 3 at the bottom. Whilst the yellow one represent IBV-infected DCs, with G2 × 1, G2 × 2, G2 × 3 at the bottom. **c** Primary GO categorisation and KEGG pathway analyses based on differentially expressed mRNAs in IBV-stimulated avian BMDCs

Identification and bioinformatic analysis of differentially expressed miRNAs and their target genes {#Sec18}
---------------------------------------------------------------------------------------------------

Identification of avian microRNA mechanisms could provide an alternative approach to inhibiting viral infection. Therefore, we studied the influence of IBV infection on global miRNA expression in avian BMDCs. First, we detected 991 conserved microRNAs and identified 19 significantly changed miRNAs (12 down-regulated and 7 up-regulated) in IBV-stimulated avian BMDCs using the criteria of a two-fold or greater change and a *P*-value \< 0.05 (Fig. [3](#Fig3){ref-type="fig"}d and Additional file [3](#MOESM3){ref-type="media"}). As we know, miRNAs may function by directly silencing or indirectly reducing their target genes. We predicted the potential targets of DE miRNAs using the MicroRNA Target Prediction and Functional Study Database (miRDB) and TargetScan. We forecasted 124 target genes as DE miRNAs based on the predictions of both programs (Additional file [4](#MOESM4){ref-type="media"}). To gain insight into their functions, GO annotation of these target genes was performed; it identified the intracellular signalling cascade and phosphorus metabolic processes in GO-BP categories, whereas GO-MF included GTPase regulator activity and small GTPase regulator activity (Fig. [3](#Fig3){ref-type="fig"}a). Finally, KEGG pathway analysis based on the predicted target genes indicated that B cell receptors, regulation of the actin cytoskeleton, and MAPK signalling contributed to miRNA target genes with IBV stimulation (Fig. [3](#Fig3){ref-type="fig"}b and Additional file [5](#MOESM5){ref-type="media"}). Based on the BioCarta database, the primary pathways associated with IBV infection involved skeletal muscle hypertrophy regulated by AKT/mTOR and ALK in cardiac myocytes (Fig. [3](#Fig3){ref-type="fig"}c). The results described above indicated that DE miRNAs play crucial roles in the response to IBV stimulation.Fig. 3MicroRNAs microarray analyses of IBV-stimulated avian BMDCs. **a** Primary GO categorisation based on target genes from differentially expressed microRNAs in IBV-stimulated avian BMDCs. **b** KEGG pathway analyses based on target genes from differentially expressed microRNAs in IBV-stimulated avian BMDCs. **c** BIOCATRA pathway analyses based on target genes from differentially expressed microRNAs in IBV-stimulated avian BMDCs. **d** Heat map of differentially expressed microRNAs in IBV-stimulated avian DCs. All of the biological replicates were pooled and calculated to identify differentially expressed microRNAs based on a threshold fold change \> 2 and *P* \< 0.05. The number 1 in the top represent control group, while the number 2 in the top represent IBV-infected BMDCs

Identification and bioinformatic analysis of differentially expressed lncRNAs and their targets {#Sec19}
-----------------------------------------------------------------------------------------------

Long non-coding RNAs (lncRNAs) have recently been identified as regulators of many biological processes, especially in the immune response. Global lncRNA expression levels were evaluated in avian BMDCs stimulated with IBV, and 101 (26 down-regulated, 75 up-regulated) DE lncRNAs were identified among a total of 3900 lncRNAs (Fig. [4](#Fig4){ref-type="fig"}a, b, and Additional file [5](#MOESM5){ref-type="media"}). Because lncRNAs function through *cis-, trans-*, or co-expression with target genes, we then predicted the potential *cis, trans* and co-expressed genes among the DE lncRNAs. We identified 30 *cis* and 3941 *trans* targets, as well as 203 co-expressed mRNAs (Additional file [6](#MOESM6){ref-type="media"}). The interactions among co-expressed lncRNAs and mRNAs were mapped and are presented in Fig. [4](#Fig4){ref-type="fig"}e. Further analyses of the GO categorisation and KEGG pathways were performed based on cis and trans target to illustrate the functions of lncRNAs associated with IBV infection. The results of GO-BP analysis showed positive regulation of coronary vasculature development, cardiac muscle development, and nuclear envelope reassembly (Fig. [4](#Fig4){ref-type="fig"}c and Additional file [7](#MOESM7){ref-type="media"}). KEGG pathway analysis indicated the peroxisome, phenylalanine, and lysosome signal pathways were associated with IBV infection of avian BMDCs (Fig. [4](#Fig4){ref-type="fig"}d and Additional file [7](#MOESM7){ref-type="media"}).Fig. 4LncRNA microarray analysis of IBV-stimulated avian BMDCs. **a** Volcano plot map of lncRNA expression levels in control avian BMDCs and IBV-stimulated avian BMDCs at 12 h post-infection. A comparison of expression data was performed using XY-scatter plot analysis of the log base two-fold change. Data points shown in red represent significantly differentially expressed genes; *P* \< 0.01. **b** Heat map of differentially expressed lncRNAs in IBV-stimulated avian BMDCs. All biological replicates were pooled to identify differentially expressed lncRNAs based on a threshold fold change \> 2 and *P* \< 0.01. The blue and yellow colours represent the two groups, with blue showing the control group, with G1 × 1, G1 × 2, G1 × 3 at the bottom, whereas yellow represents IBV-infected DCs, with G2 × 1, G2 × 2, G2 × 3 at the bottom.**c** Primary GO categorisation based on *cis*-, *trans*-, and co-expressed target genes of differentially expressed lncRNAs in IBV-stimulated avian BMDCs.**d** KEGG pathway analysis based on target genes of differentially expressed lncRNAs in IBV-stimulated avian BMDCs. **e** Potential interaction network among significantly differentially expressed lncRNAs and target genes, created using Cytoscape (The pink ellipse represents co-expressed lncRNAs, while the yellow hexagon represents co-expressed mRNAs). All biological replicates were pooled to identify differentially expressed lncRNAs based on a threshold fold change \> 2 and *P* \< 0.01

Confirmation of microarray results through qRT-PCR {#Sec20}
--------------------------------------------------

To validate the mRNA, microRNA, and lncRNA microarray results, we subjected 13 DE mRNAs and 18 DE miRNAs to quantitative reverse transcription polymerase chain reaction (qRT-PCR) (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). Generally, the qRT-PCR data matched the microarray data, with fold-change values of representative mRNAs and miRNAs in qRT-PCR displaying trends similar to those reflected in the results of microarray analysis. On one hand, the 13 selected mRNAs were primarily associated with leucocyte transendothelial migration signalling pathways. In this pathway, ITK, PLCG2, CXCL12, VCAM1, CLDN1, ZAP70, THY1, and MLLT4 expression levels significantly decreased with IBV stimulation, whereas only IL-6 expression significantly increased in IBV-infected avian BMDCs (Fig. [5](#Fig5){ref-type="fig"}a). On the other hand, among the 18 tested microRNAs, gga-miRlet7g, gga-miR19a, gga-miR1595, gga-miR1624, gga-miR1809, gga-miR2131, gga-miR24, gga-miR106, gga-miR122b, gga-miR1607, gga-miR1462, and gga-miR21 were significantly up-regulated when stimulated with IBV. In contrast, gga-miR1601, gga-miR1816, and gga-miR1694 were significantly down-regulated after IBV stimulation (Fig. [5](#Fig5){ref-type="fig"}b).Table 1QRT-PCR primers used in verification of microarrays resultsGeneSenceAnti-senceGAPDHTGACCACTGTCCATGCCATCCAGCAGCCTTCACTACCCTCLeukocyte transendothelial migration ITKtggaagaagaaggccccaatcatcgctccttcacgaatgg NFATC2cagcatcaaaccccatcgagatctgctgcccatctgaagt PIK3R5gcacttcctaccattgcaggtcctcctcctcctcttcctc PLCG2gctttgtggctctcagatggagcttagggagatgacgagc CXCL12gatgcccctgtcgattcttctcctggatccattttagcttgg ZAP70tatggagctacggtgtgaccaggtgcggattgtgttttcc MYL12Acaatggcactgatccggaagtccatgtttaaggatgcgcg CLDN1ctgtctttggtggcgtgatctaggatgtttcactccgggg VCAM1gagaaaccgccactgtcatctctggccacacaaacaatctc MLLT4taattcctccccagcctgtggtactgcagatctctccgct THY1ccaaggacaacaggaagcacccttcagctcgcacatgtag IL6acgtcgagtctctgtgctacggcactgaaactcctggtct NCF2cacggagggagagggattttcattgcccttccaaccagtcTable 2QRT-PCR primers used in verification of avian microRNAs MicroRNA array resultsMiRNAsSence primergga-miR-2131-3pGGTGCTGTTACTGTTCTTCTGATGGgga-miR-1462-3pGTATCTGTCCTTGTGAGCCCCAGgga-miR-21-5pGCGTAGCTTATCAGACTGATGTTGAgga-miR-1694TAATAAAGGAGGACGAGGCTGCGAGCgga-miR-1607AATTAATTATAGGGGCGGGAGGGGTCGgga-let-7 g-5pTGGGTGGGTGAGGTAGTAGTTTGTACAGgga-miR-19a-5pGCGAGTTTTGCATAGTTGCACTACgga-miR-1797GCTTGGAACTGAGCAGGAACTGgga-miR-20a-5pCGGTAAAGTGCTTATAGTGCAGGTAGgga-miR-106-5pCGGAAAAGTGCTTACAGTGCAGGTgga-miR-1595-5pAAGCACGAGTGTGGTGGAGCTCgga-miR-122bCGGAGTGTGACACTGGTGTTTTTgga-miR-1624TAATACACCGCACTGGCAGGGAgga-miR-1809GTGGGAAGTTTGGCAGAGCATgga-miR-24-3pTGGCTCAGTTCAGCAGGAACAGgga-miR-1816GTGGGTAGGTTTTGTGGTTTTGTTgga-miR-456-3pGGCAGGCTGGTTAGATGGTTGTCgga-miR-1601AGTGTGAGCAGGTGCAGAGCTGFig. 5Results of the qPCR analysis of select mRNAs, miRNAs and lncRNAs following stimulation by IBV stimulation (All of the experiments were performed at least in triplicate. Significant differences between the treated and control groups are expressed as \**P* \< 0.05 and \*\**P* \< 0.01, respectively) **a** Expression levels of mRNAs involved in the leukocyte trans-endothelial migration signal pathway. **b** Expression levels of microRNAs qPCR results of the significantly up-regulated or down-regulated microRNAs in the IBV-stimulated group

Establishment of TF--miRNA--mRNA regulatory loops {#Sec21}
-------------------------------------------------

To better understand how IBV regulates gene expression in avian BMDCs, we constructed transcription factor (TF)--miRNAs and TF--miRNA--mRNA regulatory loops. First, we computed TF-microRNA loops based on 165 TF-microRNA combinations involving 2 TFs and 149 microRNAs (Additional file [8](#MOESM8){ref-type="media"}). All of the predicted TF-miRNA regulation loops still need for further validation. Considering the DE miRNAs, we identified two TF-microRNA networks (CCAAT/enhancer-binding protein alpha \[CEBPA\]-gga-miR-1772 and CEBPA-gga-miR-21-5p) in the IBV-stimulated avian BMDCs (Fig. [6](#Fig6){ref-type="fig"}a). Then, we extracted and constructed the TF and mRNA relationship data from ChIPBase. In total, 21,085 TF-mRNAs pairs were computed, involving 2 TFs and 5987 mRNAs (Additional file [9](#MOESM9){ref-type="media"}). Finally, TF-mRNA and miRNA-target mRNA information were combined to produce TF-miRNA-mRNA regulatory networks (Fig. [6](#Fig6){ref-type="fig"}b). In total, we identified 53 TF--miRNA--mRNA interactions, which involved 1 TF, 2 miRNAs, and 53 mRNAs in IBV-stimulated avian DCs. For example, ROR1, NRP1, S8, and PTPN2 could be regulated by both CEBPA and miR-1772, whereas miR-1772 could also be modulated by CEBPA. Thus, we constructed the network to link CEBPA-miR-1772-ROR1 (Fig. [6](#Fig6){ref-type="fig"}b, Additional file [10](#MOESM10){ref-type="media"}).Fig. 6TF--miRNA and TF--miRNA--mRNA regulatory loops in IBV-stimulated avian BMDCs. **a** Two TF-miRNA networks involving one TF and two differentially expressed microRNAs were established, with the TF CEBPA binding directly to the promoters of gga-miR1772 and gga-miR21. **b** In total, 53 TF-miRNA-mRNA interactions involving 1 TF (CEBPA), 2 differentially expressed microRNAs, and 53 differentially expressed mRNAs (and predicted microRNA targets) for the IBV-stimulated group were summarised. Yellow diamond nodes represent TFs, green rectangle nodes correspond to microRNAs, and violet ovals represent mRNAs

Discussion {#Sec22}
==========

Avian infectious bronchitis, caused by infectious bronchitis virus, has been identified as an important pathogen in poultry that is characterised by severity and outcomes that make it extremely difficult to control \[[@CR1], [@CR39], [@CR40]\]. IBV primarily replicates in the epithelial cells of the respiratory tract and can affect both meat-type and commercial egg-laying birds \[[@CR1], [@CR5]\]. In this study, host responses against IBV were analysed using microarrays of mRNAs, miRNAs, and lncRNAs. Our study provided information about the molecular pathogenesis and virus--host interactions between IBV and avian BMDCs. Further bioinformatic analysis revealed that the leukocyte transendothelial migration signal pathway might be involved in IBV-infected avian BMDCs. Information obtained herein should provide useful clues for the development of novel preventive or therapeutic strategies against IBV infection.

Phenotypic alteration and lymphocyte activation of avian DCs stimulated with IBV {#Sec23}
--------------------------------------------------------------------------------

The strategy of controlling IBV through vaccination has been partially successful, but various subtypes of IBV still evade vaccines \[[@CR40]\]. DCs change during the maintenance of immune responses, and their maturation is pivotal to the development of immunity against many viruses. The maturation of avian BMDCs is essential to the development of the immune system. Viruses, therefore, have evolved strategies to target this process \[[@CR41], [@CR42]\]. In our studies, IBV-stimulated DCs (including mouse and avian DCs) did not significantly increase their expression of the surface markers CD40 and CD86, indicating that IBV might escape recognition by avian DCs. This phenomenon might be attributed to failed activation of toll-like receptor (TLR) signalling, which is related to the recognition of various dangerous signals \[[@CR43], [@CR44]\]. Previous studies have suggested that the binding of IBV to epithelial cells initiates infection \[[@CR45]\]. Recent studies suggest that the binding progress is sialic acid-dependent and that chicken homologues of the human receptors DC-SIGN and L-SIGN are part of an IBV receptor complex \[[@CR46]--[@CR48]\]. In our study, mRNA microarray results indicated that TLR7, TLR3, and TLR21 were all down-regulated in IBV-stimulated avian DCs. The decreased expression of TLR3 suggested that IBV might be unsuccessfully replicated in avian DCs (Additional file [11](#MOESM11){ref-type="media"}). Receptors, such as TLR3 and TLR7, may initiate the local tracheal innate immune response upon IBV recognition \[[@CR49], [@CR50]\]. The accordance of TLR results with surface marker results suggest that IBV successfully escaped recognition by avian DCs. A key role of DCs is to process and present specific antigens to naïve T cells \[[@CR51]--[@CR53]\]. Consistent with the surface marker results, cell proliferation studies found that both IBV-treated avian and mouse DCs failed to stimulate the proliferation of naïve T cells in MLR \[[@CR54], [@CR55]\]. In contrast, inactivated IBV strongly activated the primary T cell, which was correlated with greater expression of the co-stimulatory molecules CD40 and CD86 by inactivated IBV-stimulated DCs. Recent study indicating that host shutoff by IBV plays an important role in antagonizing the host's innate immune response and demonstrate that 5b is a functional equivalent of nsp1, charge for the host shutoff. These results show that avian DCs react more strongly to inactivated IBV than to IBV in terms of enhanced maturation and ability to activate lymphocytes.

Roles of microRNAs and lncRNAs during IBV infection {#Sec24}
---------------------------------------------------

Aside from direct gene regulation, miRNAs and lncRNAs also play important roles in regulating the function of DCs. Alteration of cellular microRNA expression levels during viral infection is a component of the host--virus interaction \[[@CR56]\]. Viruses not only influence the expression of microRNAs in infected cells but also encode viral small RNAs that regulate the replication of viruses, as reported for PRRSV and Dengue virus \[[@CR57], [@CR58]\]. Host microRNAs, such as avian miRNAs, might enhance the immune response or be utilised by viruses to assist with their replication. For example, miR140 is a post-transcriptional regulator influencing the expression of SPP1, which plays important roles in the inflammatory response, calcification, organ development, and immune cell function \[[@CR59], [@CR60]\]. Cellular microRNAs (miR-323, miR-491, and miR-654) have also been found to regulate the replication of H1N1 influenza virus by targeting the PB1 gene \[[@CR61]\].

In this study, we attempted to determine how miRNAs and lncRNAs, induced by IBV infection, regulate the maturation and antigen presentation of avian DCs. Initially, 991 chicken microRNAs were investigated, and 19 differentially expressed microRNAs were identified in IBV-infected avian DCs. Among these miRNAs, gga-miR-135A, gga-miR-7471, gga-miR-7453, gga-miR-7443, gga-miR-1695, gga-miR-1772, and gga-miR-6669 were significantly up-regulated in IBV-infected avian BMDCs, whereas 12 other gga-microRNAs were down-regulated. Among the microRNAs that decreased, miR-21 was associated with lymphoma development, which might be a possible mechanism of lymphocyte activation \[[@CR62], [@CR63]\]. Recent studies have reported the functions of many gga-miRNAs, including gga-miR-1454, gga-miR-215-5p, gga-miR-3538, gga-miR-2954, and gga-miR-1a-3p \[[@CR20], [@CR64], [@CR65]\]. One of these studies suggested that gga-miR-215-5p exhibited significantly varied expression levels between H9N2-infected and non-infected chicken embryo fibroblasts \[[@CR65]\]. Further bioinformatic analysis to identify the target genes of gga-microRNAs revealed that IBV infection not only impacted the TGF-beta and MAPK signalling pathways but also influenced the T cell receptor and B cell receptor signalling pathways (Fig. [3](#Fig3){ref-type="fig"}). Previous research suggested that the complement system was important in T cell activation, as it triggers the antiviral state of neighbouring cells and an influx of T cells to the local tissue \[[@CR66]\]. Several studies have shown that the major histocompatibility complex (MHC) influences susceptibility to IBV infection \[[@CR67], [@CR68]\]. Meanwhile, lncRNAs are involved in defending against viral infection. Transcriptional regulation by lncRNAs can occur in either a *cis-* or t*rans-* manner. Of the down-regulated lncRNAs, MANBAL and POMT2 were correlated with mannose, which might be a receptor for viral entry \[[@CR69], [@CR70]\]. Mannose-binding lectin (MBL) is involved in the protection of the host against viral infections, such as infections with influenza A virus, hepatitis C virus, and Ebola virus \[[@CR71]--[@CR73]\]. In chickens, MBL serum concentrations have also been associated with IBV infection \[[@CR4]\]. Additionally, we found that *cis-* and *trans-*targeting genes contribute to the peroxisome, phenylalanine, and lysosome signalling pathways.

TF-miRNA-mRNA regulatory networks in IBV-stimulated DCs {#Sec25}
-------------------------------------------------------

TF-microRNA networks have been previously identified as important components of microRNA regulation mechanisms. Our study identified two TF-microRNA networks in the IBV-stimulated group (CEBPA-gga-miR1772 and CEBPA-gga-miR21). CEBPA is a transcription factor involved in the differentiation of certain blood cells. The encoded protein can interact with CDK2 and CDK4, thereby inhibiting these kinases and causing arrest of growth in cultured cells. Additionally, CEBPA is essential for myeloid lineage commitment and is therefore required for both normal mature granulocyte formation and the development of abnormal acute myeloid leukaemia (AML) \[[@CR74], [@CR75]\]. On the other hand, gga-miR-21 was suggested to inhibit chicken pre-adipocyte proliferation by down-regulating Kruppel-like factor 5 \[[@CR72]\]. This suggests that gga-miR-21 can be regulated as a defence mechanism to fight against viral infection in birds. To further explore the mechanisms involved, we construct TF-microRNA-mRNA networks, which provided insights into the interplays between microRNAs and TF and hinted at the mechanisms underlying the innate cellular response induced by IBV stimulation.

Conclusions {#Sec26}
===========

In this study, microarray analysis of avian DCs stimulated with IBV provided insight into the mechanisms underlying the innate cellular response induced by IBV. Specifically, the leukocyte transendothelial migration signalling pathway was found to be involved in the regulation of avian DCs stimulated with IBV. Two TF--miRNA networks (CEBPA-gga-miR1772 and CEBPA-gga-miR21) and 53 TF--miRNA--mRNA networks were identified in IBV-stimulated DCs, elucidating host antiviral defences and offering novel preventive strategies against IBV.
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